Effects of cGMP on the slow (L-type) Ca2' channels of cultured chick embryonic cardiomyocytes were investigated by a cell-attached patch-clamp method. Superfusion of the single cells with 8-bromo-cGMP, a membrane-permeable derivative of cGMP, inhibited the single-channel activity. The cyclic nucleotide decreased, in a concentration-dependent manner, the ensemble averaged currents obtained from multichannel patches. 8-Bromo-cGMP (1 mM) completely abolished the currents (n=8), whereas 0.1 mM only slightly decreased the currents (n=4). The influence of cGMP on the characteristics of the single Ca2+ channels was examined using 0.3 mM 8-bromo-cGMP. Unit amplitude and slope conductance of the Ca21 channel was not changed (25 pS P hosphorylation of ion channels in cardiac sarcolemma is an important process in the regulation of cardiac excitation by several hormones. cAMP-dependent protein kinase (cA-PK) stimulates the activities of the slow (L-type) Ca'+ channels,1,2 the delayed-rectifier K' channels,1"34 and the Cl-channels.5 Ca2-activated phospholipid-sensitive protein kinase enhances the activity of the delayed-rectifier K' channels.6'7 Although the effect of cGMP-dependent protein kinase (cG-PK) on cardiac ion channels is not known, the cG-PK enzyme does exist in cardiac tissues.8
P hosphorylation of ion channels in cardiac sarcolemma is an important process in the regulation of cardiac excitation by several hormones. cAMP-dependent protein kinase (cA-PK) stimulates the activities of the slow (L-type) Ca'+ channels,1,2 the delayed-rectifier K' channels,1"34 and the Cl-channels.5 Ca2-activated phospholipid-sensitive protein kinase enhances the activity of the delayed-rectifier K' channels.6'7 Although the effect of cGMP-dependent protein kinase (cG-PK) on cardiac ion channels is not known, the cG-PK enzyme does exist in cardiac tissues. 8 Various hormones, including acetylcholine,9 atrial natriuretic peptide,10 and histamine (H,-receptor)," increase the intracellular cGMP level in cardiac myocytes. Acetylcholine was reported to produce a negative inotropic effect accompanied by an increase in the cGMP level.912 Some reports13"4 suggested that cGMP might inhibit the slow Ca21 current (ICa) in cardiac muscles. On the other hand, some other reports15"6 did not agree with this hypothesis.
We showed that application of cGMP, by intracellular injection17"8 or by using the membrane-perme-able derivative 8-bromo-cGMP,'8"9 inhibited the slow action potentials in guinea pig papillary muscles and chick embryonic heart cells. Furthermore, we showed that 8-bromo-cGMP inhibited 'Ca in chick embryonic ventricular myocytes and suggested that cGMP-induced inhibition of ICa was mediated by activation of cG-PK. 20 
Solutions and Materials
The composition of the depolarizing solution used to bathe the cell was (mM) KCI Figure 1A ). These unitary currents were observed at potentials above -30 mV. They were blocked by the Ca' slow channel blocker, nifedipine (3 ,uM). The ensemble averaged currents from these channel activities showed no inactivation, even at the end of a 300-msec test pulse ( Figure 1C ). Therefore, these currents are carried through the L-type Ca2+ channels.27
Addition of 1 mM 8-bromo-cGMP to the external perfusing solution produced a pronounced decrease in the Ca>2 channel activity. The channel activity was completely abolished by 2-3 minutes after exposure to cGMP. Figure 1B illustrates such inhibition by cGMP at 5 minutes. Complete inhibition of the Ca>2 channel activity by 1 mM 8-bromo-cGMP was also observed in seven other cells. The channel activity was difficult to recover after the cyclic nucleotide was washed out: partial recovery was observed in only one cell after 20 minutes of washout. Figure 2 illustrates the concentration-response relation between 8-bromo-cGMP and the ensemble averaged current. The ensemble averaged currents of the Ca2+ channels were obtained from 29 consecutive tracings, elicited by the depolarizing pulses. Figure   2A shows the ensemble averaged currents from representative experiments. In these experiments, the patches possessed two to four functional channels. Each cell received only one treatment (either 0.1, 0.3, or 1.0 mM 8-bromo-cGMP). 8-Bromo-cGMP decreased the ensemble averaged Ca2+ current in a dose-dependent manner: 0.1 mM hardly affected the current, 0.3 mM markedly decreased it, and 1 mM completely abolished it. Figure 2B graphically summarizes the data from 19 cells. Amplitude of the ensemble current was measured at 90 msec after the start of the 300-msec test pulse, because the current was fully activated (saturated) at this time. 8-BromocGMP (0.3 mM) decreased the Ca2+ current to 56.4±5.0% of control amplitude. The half-maximum response is evoked at approximately 0.3 mM cGMP.
To examine the effects of cGMP on the characteristics of the single Ca2+ channels, a concentration of 0.3 mM was chosen, which produces a moderate inhibition of the Ca>2 channel activity. Figure 3 shows the current-voltage relation of the unitary Ca2+ currents in the absence and presence of 0.3 mM 8-bromo-cGMP. As can be seen in Figure 3A , cGMP produced no change in the unit amplitude at each potential. The slope conductance was 25 and 24 pS, in the absence and presence of cGMP, respectively ( Figure 3B ). Therefore, cGMP had no effect on the unitary conductance of L-type Ca>2 channels.
Figures 4 and 5 present the analyses of the open-closed kinetics of the Ca2+ channels using pooled data collected from the best three patches, in which only one functioning Ca2+ channel was apparently present in the patch. All data collected 
Discussion
In the present study, 8-bromo-cGMP, which is a membrane-permeable derivative of cGMP, inhibited the activity of the L-type Ca2+ channels in 3-day-old embryonic chick heart cells. The inhibition of the Ca2' channel activity by 8-bromo-cGMP is not due to "run down,"28 because we observed that the Ca2' channel activity was stable for 5-10 minutes after establishment of the gigaseal (n=3). In addition, the Ca21 channel activity was hardly changed at 5 minutes after the application of 0.1 mM 8-bromo-cGMP, a concentration that is ineffective on the Ca21 channels (Figure 2) .
The effective concentration of 8-bromo-cGMP was >0.1 mM. Nawrath29 showed that 8-bromo-cGMP inhibited contraction of cat papillary muscles at concentrations of 0.01-0.1 mM. In the partially depolarized papillary muscles (guinea pig), 1 ,uM (0.001 mM) 8-bromo-cGMP produced significant inhibition of contraction and maximum dV/dt of the slow action potentials. However, 1 mM 8-bromo-cGMP was re- T(4) (7) .,+~~~(8 
